The landscape pattern of Daqing City, China has undergone a significant change during the last two decades as a result of rapid urbanization. A quantitative analysis describing the spatial fragmentation caused by urban sprawl from satellite images was presented on three dates: 1979, 1990, and 2000. Five landscape indices with supplementary ecological meanings were chosen to facilitate our examination of current fragmentation status and its fragmentation trend. Specifically, the values of mean patch size (MPS) and edge density (ED) indicate a more regular shape in the human-disturbed landscapes than the natural landscapes, while the contagion index (CONT) and mean nearest-neighbor distance (MNND) show a higher fragmentation degree in the natural landscape than the human-disturbed landscape by revealing the contiguity and clumping trends of patches for each class. The different change trends in these fragmentation metrics also reflect the respective change trend and manner of conversion for each class. A GIS-based landscape index, coupled with remote sensing analysis, proved its unique value and effectiveness in assessing landscape patterns and dynamics.
INTRODUCTION
Increasing awareness regarding the importance of urban sustainable development is stimulating the improvement of current methods. This will allow a better understanding of urban landscape evolution, which is the result of complex interactions between physical, biological, and social forces in time and space (Turner, 1987) . Remote sensing data, in conjunction with geographical information systems (GIS), has been recognized as an effective tool in quantitatively measuring landscape pattern and its change on a relatively large spatial scale (Nelson, 1983; Isingh, 1989; Metzger and Muller, 1996; Frohn, 1998; Quattrochi and Luvall, 1999; Petit et al. 2001; Roy and Tomar, 2001 ). Most of this potential, however, has not been realized due to lack of appropriate analytical methodologies to represent and predict the underlying biocomplexity (Michener et al., 2001) .
The ability to quantify landscape structure and pattern is a prerequisite to the study of its function and change (McGarigal and Marks, 1994) . Currently, most quantification methods begin the analysis by converting classification results to vectors; from this, various spatial indices are derived to summarize the spatial pattern at each given time. Then, a comparison is made on the spatial indices to detect the spatial pattern changes over different times (Singh, 1989; Jensen, 1996; Zhao et al., 1996; Zheng et al., 1997; Macleod and Congalton, 1998; Miller et al., 1998; Mas, 1999; Roy and Tomar, 2001; Yang and Lo, 2002) . Such metrics, with greater availability of digital spatial data and advanced GIS, offer more opportunities to link the landscape dynamics with ecological and environmental processes for analyzing both the causes and consequences of the change.
During the last two decades, a variety of landscape metrics have been proposed for different purposes. Based on the analysis level, they can be grouped into patchbased indices and spatial heterogeneity indices. The first category characterizes the configuration for the individual landscape class or at the whole landscape base. Indices of patch size and patch shape have been widely used to convey meaningful information on biophysically changed phenomena associated with patch fragmentation on a large scale (Viedma and Melia, 1999; Fuller, 2001) . These configuration indices vary as a function of the shape of patches, and they usually correlate with the basic parameter of an individual patch, such as the area, perimeter, or perimeter-area ratio. Consequently, the indices perform poorly in reflecting the spatial location of patches within the landscape (Imbernon and Branthomme, 2001 ). The spatial heterogeneity indices quantify the spatial structures and organization within the landscape. Based on information theory, O'Neill et al. (1988) first developed dominance and contagion indices to capture major features of spatial pattern throughout the eastern United States. According to Gustafson and Parker (1992) , the proximity index quantifies the spatial context of patches in relation to their neighbors. Specifically, the nearest-neighbor distance index (NND) distinguishes isolated distributions of small patches from the complex cluster configuration of larger patches (Turner, 1989) . The patch-based and heterogeneity-based indices reflect two aspects of the same spatial pattern and complement each other.
In this paper, we will focus on the analysis and interpretation of environmental fragmentation caused by the urbanization of Daqing City during the last 20 years using remote sensing and GIS. A set of landscape indices was chosen for the comprehensive investigation of the complex and heterogeneous landscape in Daqing. Furthermore, we evaluated these landscape metrics as the quantitative measures of spatial fragmentation caused by ongoing changes in urban sprawl.
STUDY AREA
The study was carried out in the central part of Daqing City, maintaining a variety of landscape types with its unique geology and climate environment. As the largest base for the petrochemical industry in China, Daqing City has undergone rapid economic development as well as environmental deterioration during the last two decades . Centered at 124°15' E Long. and 46°20' N Lat., the study area covers four major urban areas in Daqing City: the Shaertu, Ranghulu, Longfeng, and Honggang districts (Fig. 1) . The terrain consists of a relatively flat plain with mean elevations ranging from 126 to 165 m and relief ranging from 10 to 39 m.
The study area exhibits the typical characteristics of a large Mesozoic and Cenozoic terrestrial sediment basin covered mainly with meadow, halophyte, and swamp vegetation. After long geotectonic movements, Daqing ended up with a unique geological structure for the storage of oil. Although Daqing is now diversifying its energy-oriented economy, the petroleum and petrochemical industries are still the core activities in its economy. Extreme population growth in the Daqing region over the last 50 years has increased the population from 100,000 in 1945 to 2.5 million in 2000 (Statistical Bureau of Daqing, 2001) .
Continued development of the region's oil fields has changed the original landscape pattern over the last 20 years. Reduction of swamps, grasslands, and forests has resulted in the deterioration and desertification of the area, potentially affecting the future urban landscape pattern, regional environment, and climate. As a result, the Daqing region, which contains rich landscape types, is subject to rapid changes in landscape pattern.
METHODOLOGY

Data Preparation
Two 1500 × 1500 pixel Landsat Thematic Mapper (TM) and Multispectral Scanner (MSS) satellite images were chosen in this study to detect the spatial fragmentation in Daqing City over the 20-year period 1979-2000. All the images were acquired during the growing season in the Daqing area, from late June to late August. One Landsat MSS was acquired on August 23, 1979 and two Landsat TMs were obtained from July 20, 1990 and June 22, 2000 . All images were registered to the UTM map projection, WGS 84, Zone 51, on a SUN workstation using ERDAS TM software, achieving an accuracy of less than 0.5 pixel root mean square error (RMSE) for all images. The MSS was resampled to 30 meters, the same spatial resolution as the TM image. The conventional Maximum Likelihood Classification was adopted to obtain four classified maps in our study area. We intended to map seven classes: agriculture, urban/build-up, grass, saline/barren land, water, wetland, and woodland. The selection of separate training and test samples was guided by the characteristic description of each class (Table 1 ). The number of training and test samples and the classification accuracy are shown in Table 2 . 
Landscape Fragmentation Analysis
In this paper, we study urban fragmentation from two perspectives-the current fragmental status, which is observed from current or the most recent data; and the potential fragmental trend, which can be derived from short-and mid-term environmental scenarios. One set of landscape indices, which has the least mutual correlation but possesses complementary ecological meanings, was selected for the fragmentation analysis (Table 3 ). The indices were calculated with the FRAGSTATS (UMASS, 2004) and ARC/INFO software.
Although a wide variety of landscape indices have been applied in describing the spatial composition and configuration of landscape patterns, many of them substantially overlap one another (Giles and Trani, 1999; Tischendorf, 2001) . In order to reduce redundancy, two categories of landscape indices were chosen from the perspectives of patch attributes and spatial heterogeneity. The patch-based indices consist of mean patch size (MPS) and edge density (ED), which aims to measure fragmentation caused by the areal distribution and shape of the patches. The spatial heterogeneity-based indices we chose were: the contagion index (CONT), to measure the composition and configuration of landscape; mean nearest-neighbor distance (MMND), to denote the fragmentation degree caused by the isolation; and core area percent of landscape (CPL), to measure the interior fragmentation degree in the landscape.
RESULTS AND DISCUSSION
In this study, the spatial pattern and dynamics of landscape fragmentation caused by urban sprawl were investigated over the 20-year period noted above. The landscape map produced from the image in 2000 only exhibits current landscape patterns, whereas the landscape maps in 1979 , 1990 , and 2000 2) were used to describe the combined fragmentation process during the last two decades.
Current Fragmentation Status
From the landscape maps in 2000, it can be discerned that most of the urban area lies in the southeast, north-central, and northwest, along the Binzhou and Rangtong railways. Agriculture is the dominant category and has large continuous patches, occupying 788.97 km 2 (39.13%) of the entire study area (Fig. 2, Table 4 ). This can be attributed to the regional characteristics and historical development of this area. Fertile soil and sufficient rain for agricultural production made agriculture the domainant economic activity in Daqing City before petroleum was discovered in the 1950s. Another dominant landscape is grassland, which occupies 664.89 km 2 (32.97%) of the entire study area (Table 4) . Most grasslands exist in the western part of the study area, around the urban area. The wetland and woodland categories are distributed in the northeastern corner of the study area, which is a part of the Longfeng Nature Reserve in Daqing. where the P ij is the probability that a patch of ith landscape is found adjacent to a patch of jth landscape, while m is the patch number within one landscape category and n is the number of landscape categories. P i is the probability that a randomly chosen polygon belongs to patch type i, and P j/i is the conditional probability A large CONT reflects the clumping of large contiguous patches, whereas a small CONT value reflects a landscape that is dissected into small patches (O'Neill et al. 1988; Turner and Gardner, 1990; Li and Reynolds 1993; Griffith et al. 2002) Mean nearestneighbor distance where h j is distance from each patch to its nearest neighbor, and m is the total number of nearest neighbors to this patch
The MNND measure both the degree of patch isolation and the degree of fragmentation of the corresponding patch type within the specified neighborhood of the focal patch (Gustafson and Parker 1992) Core area percentage of landscape where is the core area (the interior habitat as an undisturbed area in the ecological meaning), A is the total class area, and m is the patch number These edge-to-interior indices provide fragmentation information for the class-i.e., the higher ratio between core area and total area, the less fragmented this class would be (FRAGSTATS * ARC, 2004)
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[ ] There were large differences among the landscape types regarding the patch characteristics. The mean patch size (MPS) for the entire landscape is 1.34 km 2 /patch, and the mean patch density (PD) is 0.74 patch/km 2 . Similar to the landscape areas, agriculture and grass had the highest MPS values: 2.57 km 2 /patch and 1.69 km 2 / patch, respectively. It suggests that these two dominant classes are the least fragmented in Daqing City. Woodlands, saline, and urban areas have small MPSs and large PDs, indicating a high degree of fragmentation in these three landscape types.
Landscape fragmentation metrics of each landscape type in the study area are shown in Figure 3 . As a patch shape index, the edge density (ED) has a significant ecological meaning when studying the landscape change, edge effect, and ecotone. Grass and agriculture have the highest ED, since both have an elongated edge. This is caused by human disturbance along the boundary; however, water and wetland, the typical natural landscape types, have the smallest ED with a relatively straight edge.
In further fragmentation analysis, we compared the contagion index (CONT), mean nearest-neighbor distance (MNND), and core area percent of landscape (CPL) within the landscape types, judging spatial characteristics for all landscape classes. Figure 3C suggests that all the classes have a similar CONT value (ranging from 0.96 to 0.98). Values for natural landscapes are higher than those for human-disturbed landscapes. The large CONTs in water and wetland also suggest the patches within these two landscapes are relatively large and are adjacent to each other. Other humandisturbed landscapes, such as agriculture and grassland, have large MPS values but small CONTs and MNNDs. It indicates that they are fragmented by the small polygons along their edges. Agriculture is clustered in the southeastern corner of the study area, and has the smallest MNND of all landscapes.
CPL shows a different trend from CONT and MNND. The water and wetland have large CPLs, but agriculture, the dominant human-disturbed landscape type, has the largest CPL. Obviously, the agriculture, water, and wetland categories have a larger interior environment than other landscape types. Such results also indicate that CPL is informative for fragmentation analysis. The calculation of its equation calculation involves both the edge area and the interior area of a patch.
The analyses for current fragmentation status (Fig. 3) show that different fragmentation metrics have completely different ecological meanings. Although all of these indices could be used to indicate the fragmentation degree in the landscape types, the MPS and ED focus on the patch characteristics of the patches, such as patch size, patch shape, and edge contour. CONT and MNND allow for a better understanding of the spatial distribution between patches. Concurrently, CPL regards the interior habitat as an undisturbed area, and it considers both patch shape and spatial characteristics.
Potential Fragmental Trend
Our study area has underwent tremendous change during the past 20 years. Figures 4 and 5 show that the landscape area and patch number changed from 1979 to 2000. The total changed area during 1979-1990 and 1990-2000 were 631.35 km 2 and 423.54 km 2 , or 31.33% and 21.00% of the entire area, respectively. In the first eleven years (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) , the most significant changes involved the expansion of the urban and grass categories, and the decrease of agricultural land. This is primarily due to the "nibble" effect of the agriculture landscape on the fringes of the expanding urban area, and the development of new oil production fields. The continual construction of the oil fields in the first 11 years also damaged soil nutrients and soil structure, which caused a large area of agriculture to gradually convert to grassland. During the following 10 years (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) , however, agriculture increased from 31.29% of the total area in 1990 to 39.13% in 2000. This increase is associated with the significant decrease of both wetland and woodland. Therefore, the major change during these two periods can be best summarized as: sprawl of the human-disturbed landscape and shrinkage of the natural landscape.
The changes of patch number, especially in the human-disturbed landscape, differed according to patch area. The patch number of the agriculture and urban categories increased in the beginning and decreased throughout the second period. The increasing patch number in agriculture and urban landscapes was caused by human disturbance. As human disturbance increased, small patches in urban area merged to become larger, continuous patches. The typical natural landscapes, wetland and woodland, decreased in both patch area and patch number. This result indicates a gradual shrinking and fragmentation of these natural landscapes. This shrinkage and fragmentation are found mostly in the wetland landscape in the northeastern part of the study area (Fig. 2) .
A complete comparison of the landscape fragmentation dynamics through the fragmentation indices can be found in Table 5 . Because water is always affected by precipitation in a particular year, we will not discuss the fragmentation process occurring in water. We will, however, study the fragmentation process based on the three following groups: (1) human-induced landscapes, including agriculture and urban or built-up areas; (2) semi-natural landscapes, including grassland and woodland; and (3) natural landscapes, including saline and wetland areas.
Although both agriculture and urban areas belong to human-induced landscapes, their landscape fragmentation indices showed a completely different, even opposite trend. The most significant difference between them is the ED: over the 20 years, the ED of agricultural landscapes kept decreasing while the ED of urban areas kept increasing. The CONT and CPL of agriculture increased continuously, while the A possible explanation for this difference is their different trend and manner in conversion during these 20 years. The urban area sprawled outward from a central core. This type of growth results in an increase in both MPS and ED, and a decrease in MNND. By contrast, the patch area of agriculture declined in the first period, which made both the MPS and ED decrease. Although agriculture increased during the second period, it did not expand outward from a central core, but rather, grew by gradually merging with small "spots" on its periphery. This makes the shape irregular at first, but becoming regular during the second period.
The MPS, CONT, and CPL of grassland showed an increasing trend, as did its patch area. The ED of grassland showed a significant increase in the first period, followed by a slight decline. The MNND, however, showed an opposite trend: a significant decline followed by a slight increase. Because most of the increasing grassland sprawled outward from its original location, it shows a different change trend with respect to ED and MNND.
The landscape fragmentation indices of wetland and woodland changed in the same manner, except for the MPS. This is caused by their difference in patch size and original shape. Because the forest is more fragmented than the wetland, small patches of forest are likely to be replaced directly by other types. After the small patches merge with other classes, larger woodland patches are fragmented into smaller pieces along the patch edge. This made both the CONT and MNND value increase during the second period. Unlike woodland, wetland was continuous in the beginning. During the second period, it was fragmented along its edge, and then the fragments were replaced by other landscapes. This caused the CONT first to increase and then to decrease.
CONCLUSION
Landscape spatial indices built on the classified vectors were useful in measuring various landscape patterns and changes with different ecological meanings. Based on the patch area, MPS and CPL were found effective in the identification and description of the shapes of landscape types. ED reveals the patch shape and its degree of fragmentation using the perimeter-area ratio of each class. CONT and MNND measure the degree of contiguity and homogeneity by revealing clumping trends and inter-patch distance. Generally, all of these fragmentation indices have great potential to provide useful information on the overall spatial landscape pattern, maintaining both statistical and ecological meaning. By incorporating more biophysical or socialeconomic factors, this spatial statistical method demonstrates its unique role in the quantitative analysis of landscape ecology.
The quantitative measures in this study showed different sensitivities to different fragmentation processes, such as perforation, nibble, or direct replacement. Although the landscape types have the same change trend in terms of patch area and patch number, they can have different values in the landscape fragmentation metrics. Consequently, one must choose a suitable set of landscape fragmentation metrics based on both the initial fragmentation and the fragmentation trend. These results can be used to further evaluate the fragmentation metrics.
